The Toll-like receptors (TLRs) and complement are key innate defense systems that are triggered rapidly upon infection. Although both systems have been investigated primarily as separate entities, an emerging body of evidence indicates extensive crosstalk between complement and TLR signaling pathways. Analysis of these data suggests that the complement-TLR interplay reinforces innate immunity or regulates excessive inflammation, through synergistic or antagonistic interactions, respectively. However, the facility of complement and TLRs for communication is exploited by certain pathogens as a means to modify the host response in ways that favor the persistence of the pathogens. Further elucidation of regulatory links between complement and TLRs is essential for understanding their complex roles in health and disease.
Toll-like receptors, complement, and potential for crosstalk In its long co-evolution with microbes, the innate immune system has developed sentinel mechanisms for efficient detection of and prompt response to infection. In this context, the Toll-like receptors (TLRs) (Box 1) and complement (Box 2) are systems that can be activated rapidly; they provide crucial first-line host defense and act as mediators between innate and adaptive immunity [1, 2] . It is conceivable that appropriate coordination of the host immune response would necessitate crosstalk between TLR and complement pathways. At least in principle, molecular crosstalk between two signaling pathways can result in emergent properties and unique functional outcomes [3, 4] . Accordingly, molecular interplay between TLRs and complement could potentially result in synergistic or even antagonistic interactions. Under normal conditions, these interactions could, respectively, invigorate host defense or regulate it to prevent unwarranted inflammation. However, it is also plausible that certain crosstalk interactions might be instigated by pathogens themselves for modifying the host response in ways that promote the adaptive fitness of the pathogens. The concept of functional cooperation and cross-regulation between TLRs and the complement system is amply supported by an emerging body of recent literature [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Here, we summarize the mechanisms of TLR-complement communication (Table 1 ) and discuss their implications in health and disease.
Regulation of inflammatory TLR responses by complement Certain microbial molecules, including lipopolysaccharide (LPS; a TLR4 agonist), zymosan (a TLR2/6 agonist) and CpG DNA (a TLR9 agonist), activate complement in addition to initiating TLR signaling [12, 16] . Systemic administration of any of these molecules to mice lacking decay-accelerating factor (DAF), a major membraneassociated complement inhibitor, induces significantly higher tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b), and IL-6, but lowers IL-12 responses relative to wild-type mice [16] . DAF À/À mice display enhanced complement activation; therefore, these findings suggest a regulatory role for complement in TLR-induced cytokine responses. This notion was confirmed by a lack of these regulatory effects in dual knockout DAF À/À
/C3
À/À mice [16] . The observation that complement-TLR crosstalk can be activated by agonists for TLR2, TLR4, and TLR9 [16] , suggests the involvement of the myeloid differentiation primary-response protein 88 (MyD88) signaling pathway rather than the Toll/IL-1R(TIR)-domain-containing adapter inducing IFN-b (TRIF) pathway. This is because all three TLRs can signal via MyD88, but only TLR4 can signal additionally via the TRIF pathway (Box 1), and it is therefore uncertain whether this pathway is implicated in complement-TLR crosstalk interactions. The observed influence of complement on TLR signaling is exerted predominantly via the C5a receptor (C5aR), and to a much lesser extent via C3aR. This C5aR(C3aR)-TLR crosstalk appears to involve mitogen-activated protein kinases (MAPKs), namely the extracellular signalregulated kinase (ERK1/2) and the c-Jun N-terminal kinase (JNK), but not the p38 MAPK [16] . Although the complement-TLR synergy for increased TNF-a, IL-1b and IL-6 responses might serve a protective function to control infection, this enhanced proinflammatory response could potentially become detrimental under conditions of excessive complement activation (e.g. in pathological conditions such as sepsis). In fact, the synergistic complement-TLR interaction seen in DAF -/-mice might explain, at least in part, why DAF À/À mice are quite susceptible to inflammatory and autoimmune diseases [17] .
These findings from the mouse model [16] are consistent with data from a human whole-blood model. This experimental system was designed to investigate complement interactions with other inflammatory pathways and involved the use of peripheral blood from individuals who are genetically deficient in specific complement components [10] . The study showed that C5 is required for induction of an oxidative burst, phagocytosis and killing of Escherichia coli, whereas C5a, in particular, is essential for the first two activities. However, antimicrobial enzyme release is independent of C5a, but highly dependent on C3, although possible C3a involvement was not demonstrated. Interestingly, these complement activities are inhibited to various degrees by CD14 blockade, indicating complement-CD14 cooperation [10] . Moreover, efficient inhibition of E. coli-induced cytokine responses requires combined complement and CD14 inhibition. CD14 does not possess a transmembrane signaling domain, but rather acts as a major co-receptor of TLRs (mostly TLR4 and TLR2) [18] . It is thus possible that the observed cooperative induction of proinflammatory and antimicrobial responses [10] essentially involves crosstalk interactions between complement and TLR signaling pathways (most probably TLR4, because of the strong TLR4 agonistic activity of E. coli LPS). The fact that CD14 blockade inhibits complement activities [10] might alternatively be attributed to extracellular interactions between complement receptors and CD14, or other pattern-recognition receptors in general. In this regard, fluorescence resonance energy transfer studies have shown that C5aR co-associates with TLR2 in lipid rafts of activated macrophages [19] . Another intriguing possibility for complement-TLR cooperation that is independent of intracellular crosstalk, is whether active complement fragments could directly stimulate TLR signaling. However, this has yet to be addressed, although, interestingly, TLRs can also be triggered by self-molecules acting as endogenous ligands (e.g., molecules released from damaged tissues that induce inflammatory responses) [20] . It should be noted that cooperative complement-TLR induction of innate responses might be amplified by TLR-induced cytokines, such as IL-6, that promote the expression of C3aR and C5aR [21] .
Another study using the human whole-blood model focused on the complement interplay with TLR9 signaling induced by CpG oligodeoxynucleotides (ODNs) that are candidate vaccine adjuvants [12] . This investigation
Box 1. Toll-like receptors
The TLR family of pattern-recognition receptors plays a central role as sensors of infection. Different TLRs recognize distinct types of conserved microbial structure, thus endowing the innate response with a degree of specificity [1, 64] . For example, TLR2 responds to lipoteichoic acid (LTA), TLR3 to viral double-stranded RNA, TLR4 to LPS, TLR5 to flagellin and TLR9 to bacterial CpG DNA ( Figure I ). With the exception of TLR3, TLRs induce nuclear factor (NF)-kB-dependent expression of proinflammatory and immunoregulatory genes via a common signaling adaptor, the myeloid differentiation primaryresponse protein 88 (MyD88). However, TLR3, as well as TLR4, upon endocytosis into endosomes, can signal through the Toll/IL-1R(TIR)-domain-containing adapter inducing IFN-b (TRIF) pathway, that triggers activation of the interferon regulatory factor-3 (IRF-3) and type I interferon production [65] . Additional complexities that might serve to tailor the host response according to the nature of the invading pathogen, include the exclusive use by TLR2 and TLR4 of the sorting adapter known as MyD88-adapter like (Mal) or TIR-domaincontaining adaptor protein (TIRAP), and the compartmentalization of TLRs. In this regard, TLRs that detect predominantly extracellular microbial structures are expressed on the host cell surface (TLR-1, -2, -4, -5 and -6), whereas TLRs that specialize in detecting viral or bacterial nucleic acids are aptly located intracellularly on endocytotic vesicles or organelles (TLR-3, -7, -8 and -9) [64] (Figure I ). Furthermore, TLR heterodimerization within the family (e.g. TLR2 uses either TLR1 or TLR6 as signaling partners), or outside of it (e.g. TLR2 coassociates with CD14 or CD36), might create a combinatorial repertoire to discriminate better among the abundant and diverse microbial structures [18] . 
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Trends in Immunology Vol.31 No.4 showed that both DNA-backbone-mediated activation or maturation of antigen-presenting cells and DNA-sequencespecific induction of cytokines are significantly suppressed by complement inhibition at C3. In fact, CpG ODNs by themselves could initiate the classical or the alternative pathway of complement activation, that, in turn, enhanced the cellular uptake of CpG ODNs [12] . Thus, the immunostimulatory function of CpG ODNs appears to be dependent upon the combined activation of complement and TLR9. This synergy, nevertheless, might also explain instances of toxicity that could be experienced with the use of CpG ODN adjuvants.
In addition to the classic C5aR (CD88), through which C5a exerts proinflammatory and anaphylactic action, the C5a-like receptor 2 (C5L2; GPR77) functions as an alternative high-affinity receptor for C5a [22] . Owing to its inability to couple to G proteins, C5L2 was originally perceived as simply a non-signaling scavenger receptor that can attenuate C5a-dependent inflammatory responses by competing with C5aR for C5a binding [23, 24] . Consistent with this notion, C5L2
-/-mice exhibit higher TNF-a and IL-6 responses and higher neutrophil influx into the lung, relative to wild-type controls, after pulmonary immune complex injury [25] . However, as also noted by these authors, these findings did not rule out the possibility that C5L2 might induce anti-inflammatory signaling, albeit in a G-protein-independent way. Indeed, more recent studies by these and other groups suggest that C5L2 might play an active, yet complex role in the regulation of inflammatory responses that might include crosstalk interactions with the TLR system [14, 26, 27] .
Specifically, C5L2 À/À mice were shown to elicit increased IL-1b responses and to exhibit decreased survival upon
Box 2. Complement and pathogen recognition
The integrated complement system includes serum proteins, membrane-bound regulators and receptors for interactions with various immune mediators. The complement cascade can be triggered via three distinct pathways (classical, lectin or alternative) that converge at the third component of complement (C3) [2] . C3 activation by pathway-specific C3 convertases leads to the generation of effector molecules involved in the (i) recruitment and activation of inflammatory cells (e.g. the C3a and C5a anaphylatoxins that activate specific G-protein-coupled receptors, C3aR and C5aR, respectively), (ii) microbial opsonization and phagocytosis (e.g. the iC3b opsonin that interacts with CR3), and (iii) direct lysis of targeted pathogens (by means of the C5b-9 membrane attack complex [MAC]) [2] (Figure I ). In contrast to the classic C5aR (CD88), an alternative but quite enigmatic receptor for C5a, the C5a-like receptor 2 (C5L2; GPR77), does not couple to G proteins and cannot induce mobilization of intracellular Ca 2+ [22] . However, there is substantial evidence that C5L2 can induce G protein-independent intracellular signaling to promote or attenuate inflammatory responses in an apparently cell-type specific way [14, 26, 27] , although it might also have functions that are not related to signaling (e.g. serving as a recycling scavenger receptor, at least in transfected cell lines [30] ).
Pathogen recognition by complement predominantly involves the 'missing self-recognition' strategy, because pathogens normally lack complement regulatory proteins that would prevent complement activation. However, in a manner similar to TLRs, complement also uses the 'pattern recognition' strategy, because important complement components, such as C1q, properdin, and the mannose-binding lectin, can recognize conserved microbial structures such as cell wall components and carbohydrate motifs [28] . TLRs and complement receptors also interact with microbial virulence proteins that, far from being conserved, are unique to specific pathogens (e.g. the early secreted antigenic target protein-6 of Mycobacterium tuberculosis interacts with TLR2 [66] , the chemotaxis inhibitory protein of Staphylococcus aureus recognizes C5aR [67] , and the fimbriae of Porphyromonas gingivalis bind CR3 [53] ). In these cases, it is the virulence proteins that have probably evolved to recognize these innate immune receptors (quite possibly for immune subversion) rather than vice versa. LPS-induced septic shock, relative to wild-type mice [26] . On the basis of observations that C5L2 is required for optimal C3a-induced signaling in phagocytes and an earlier report that C3a induces anti-inflammatory signaling in LPSinduced sepsis, the authors suggested that C5L2 can proactively downregulate inflammation. The biochemical basis for a C3a-C5L2 interaction, however, is uncertain, and recent evaluation of available evidence suggests that C5L2 is unlikely to serve as a receptor for C3a [28] . Nevertheless, C5L2 might facilitate C3a-induced signaling by forming a heterodimer with C3aR.
An additional active role for C5L2 was proposed by another recent study. In a model of cecal ligation and puncture-induced sepsis, C5L2 -/-mice were shown to exhibit increased survival rates compared with wild-type controls [14] . Furthermore, in this model, C5aR and C5L2 synergize differentially to cause sepsis, and induction of the high mobility group box 1 (HMGB1) protein is the C5aR is considerably more potent than C3aR in regulating TLR-induced cytokine responses; C3aR is not involved in Th17 development. b An alternative to C5L2-TLR4 crosstalk is that C5L2 might be required for optimal TLR4 signaling (e.g. co-receptor function).
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primary and distinctive contribution of C5L2 [14] . In vitro, HMGB1 can be induced by either C5a or LPS, but, intriguingly, induction of HMGB1 by LPS plus C5a, or by LPS alone is diminished in C5L2 À/À macrophages [14] . These findings strongly indicate C5L2-TLR4 cooperation in the induction of HMGB1, perhaps through a crosstalk mechanism involving mitogen-activated protein kinase kinases 1/2 (MEK1/2), JNK1/2 and phosphatidylinositol-3 kinase (PI3K) [14] . Alternatively, or in addition, this could imply a requirement for C5L2 for optimal TLR4 activation, conceivably by acting as a co-receptor.
More evidence for C5L2 involvement in C5a signaling and TLR4 regulation was provided by an independent group. Specifically, C5L2 was shown to mediate the ability of C5a to suppress the induction of cytokines (TNF-a and IL-6) and co-stimulatory molecules (CD86) in LPS-stimulated mouse macrophages [26] . However, C5a, apparently acting through C5L2, inhibits TNF-a, but enhances IL-6 and macrophage-1 antigen (Mac-1) (CR3) expression in LPS-stimulated mouse neutrophils [26] . These data were obtained using C5L2
À/À cells and, in a similar way to the study discussed above [14] , imply regulatory C5L2-TLR4 crosstalk that might involve MAPK (ERK1/2, JNK and p38) signaling in neutrophils, and ERK1/2 plus Akt signaling pathways in macrophages [26] . Since the mechanism(s) for induction of signaling downstream of C5L2 are poorly understood, however, it cannot be excluded that C5L2 could indirectly regulate C5aR or TLR4 signaling, or both. For instance, C5L2 might promote or stabilize the expression or conformation of C5aR (which can definitely regulate TLR4 signaling) or even TLR4, since TLRs are inclined to form complexes with heterotypic receptors [29] .
With regard to the possible co-association of C5L2 with anaphylatoxin receptors, a recent study demonstrated C5a-induced co-localization of C5aR with C5L2, at least in human neutrophils [27] . In addressing the biological significance of this interaction that appears to occur in early endosomes, these investigators showed that activated C5L2 downregulates C5aR-mediated ERK1/2 signaling and chemotaxis, without concomitant alterations in C5aR-induced calcium mobilization [27] . Moreover, this study could not demonstrate scavenging activity for C5L2 [27] , in contrast to another recent report that C5L2 functions as a recycling scavenging receptor, at least in transfected rat basophilic leukemia (RBL) cells [30] . This apparent discrepancy is attributed probably to differential localization of C5L2, that is localized both on the cell surface and in the cytoplasm of RBL cells [30] , but predominantly intracellularly in human neutrophils, regardless of cell activation status [27] .
Therefore, accumulating evidence indicates that C5L2 might proactively mediate G protein-independent signaling for the regulation of inflammatory responses in either positive or negative mode [14, 26, 27] . However, the biological context and associated mechanisms for these differential and versatile roles remain largely uncharacterized, although it might involve species-and/or cell typespecific differences (e.g., C5L2 promotes induction of HMGB1 in mouse macrophages [14] but inhibits ERK1/2 activation in human neutrophils [27] ). Further studies are warranted to substantiate the notion that C5L2 crosstalks with TLR4 on macrophages. It is firmly established, however, that C5aR and, to a lesser degree, C3aR crosstalk with TLRs, resulting in the regulation of innate immune and proinflammatory responses (Table 1) . Furthermore, as discussed below, the complement-TLR crosstalk regulates adaptive immunity.
Complement-TLR crosstalk and regulation of T-cell immunity
Complement can inhibit TLR-induced production of IL-12. In fact, complement can regulate the expression of additional cytokines of the IL-12 family [9, 11, 16] . Specifically, activation of C5aR in macrophages inhibits TLR4-induced mRNA expression of IL-12p35, IL-12/IL-23p40, IL-23p19 and IL-27p28, and production of IL-12, IL-23 and IL-27 proteins. The underlying crosstalk mechanism involves the induction of PI3K and ERK1/2 signaling. This signaling, in turn, suppresses crucial transcription factors (the interferon regulatory factors 1 and 8; IRF-1 and IRF-8) that preferentially regulate the expression of the IL-12 family cytokines [9, 11, 16] (Figure 1) . Similar, but considerably attenuated, inhibitory effects are seen upon C3aR activation [9, 16] .
Because IL-12 family members play important regulatory roles in T-cell differentiation and development [31] , the C5aR-TLR4 crosstalk might control the nature of T-cellmediated immunity. In this regard, IL-12 (a heterodimer consisting of p35 and p40 subunits; p35/p40) drives the differentiation of the T helper 1 (Th1) subset from naïve [9, 11, 15, 16, 41, 53] . The underlying signaling mechanisms involve induction of PI3K or ERK1/2 signaling, that, in turn, suppresses crucial transcription factors (IRF-1 and IRF-8), although the CD46 mechanism appears to be exerted at the post-transcriptional level. However, these receptors can also be activated by bacterial or viral pathogens that can thereby manipulate TLR-induced IL-12 cytokines, and associated T-helper responses, in ways that interfere with protective immunity [35, 41, 53] . Although C5aR cannot be activated directly by pathogens, C5aR can come under pathogen control through microbial C5 convertase-like enzymes that generate biologically active C5a [34] . The regulatory mechanisms shown appear to be cell type-specific, and have been documented in human or mouse monocytes or macrophages.
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+ T cells, whereas IL-23 (p19/p40) promotes the expansion of the Th17 lineage [31, 32] . However, IL-27 (p28/ EBI3) appears to regulate the balance between Th1 and Th17, by limiting Th17 development in favor of Th1 [33] . In addition to its intervention in the TLR pathway, C5aR signaling can inhibit the amplification of IL-12 production induced by CD40-CD154 interaction between antigen-presenting cells and activated CD4 + T cells [9] . The physiological significance of these C5a regulatory effects is probably to attenuate T-cell-mediated inflammatory tissue damage, as occurs in various pathological inflammatory conditions [33] .
Undesirable outcomes might arise, however, when C5a is produced at unwarranted high levels (e.g. in sepsis), or through the uncontrolled action of microbial enzymes that act in a C5-convertase-like manner and generate biologically active C5a [28, 34] . Under these conditions, C5a might modify TLR or CD40-CD154 signaling, and skew the Thelper response in ways that could interfere with protective immunity. Indeed, Leishmania major appears to promote its adaptive fitness via such C5aR-dependent mechanism [9] . This conclusion is based on findings that BALB/c mice, that are normally susceptible to cutaneous leishmaniasis, acquire resistance to L. major infection when C5aR is genetically ablated. The protective mechanism was attributed to enhanced Th1 immunity in the absence of C5aR signaling [9] .
Despite the ability of C5aR signaling to suppress Th1 polarization in vivo [9] , activation of the same receptor does not seem to prevent Th17 development [5] . Quite strikingly, in fact, C5a synergizes with TLR signaling for Th17 differentiation, even though production of the pro-Th17 cytokine IL-23 is inhibited in vivo [5] , as predicted by in vitro findings [9, 11] . Specifically, concomitant activation of C5aR (but not C3aR) and TLR4 (or TLR2 or TLR9) promotes Th17 development in mice by an IL-6-dependent but IL-23-independent mechanism [5] . Nevertheless, the observed Th17 activity maintains the functional characteristics of the Th17 subset, because it is capable of causing autoimmunity in an adoptive transfer model of experimental autoimmune encephalomyelitis. Replication of the C5aR-TLR synergy for Th17 differentiation in vitro, using macrophages and anti-CD3 or antigen-stimulated CD4 + T cells, confirmed that the C5a effect is exerted via C5aR signaling in macrophages rather than in the T cells [5] . This study, therefore, has provided a novel, Th17-associated mechanism for C5a involvement in autoimmunity. This mechanism is dependent upon the crosstalk capabilities of complement and TLR signaling pathways.
The C5a-C5aR axis does not constitute the only complement mechanism for regulation of TLR-induced cytokines of the IL-12 family. Indeed, activation of gC1qR, a complement receptor for C1q that initiates the classical complement cascade, downregulates TLR4-induced IL-12 in human monocytes [15] . This regulatory effect is selective for IL-12 (e.g. IL-6, IL-8, and TNF-a are not affected), and is mediated via PI3K signaling (Figure 1) . Strikingly, the hepatitis C virus core protein acts as a ligand for gC1qR, and the outcome of this interaction, that is inhibition of IL-12 production and of Th1 immunity, is believed to be exploited by the virus for establishing persisting infections [35] . This evasion mechanism might not be unique to hepatitis C virus, because other pathogens (e.g. Listeria monocytogenes and Staphylococcus aureus) can also interact with qC1qR. Under physiological conditions, however, the gC1qR-TLR crosstalk could function as a homeostatic mechanism that regulates T-cell immunity. This notion is consistent with observations that C1q deficiency in humans and mice causes inflammatory autoimmune pathology [36] .
Additional C1q regulatory mechanisms might contribute to the prevention of immunopathology. Indeed, C1q also downregulates TLR4-induced IL-1b and TNF-a, whereas it enhances TLR4-induced IL-10 [37] , possibly through activation of the cAMP response element-binding protein (CREB) and generation of inhibitory NF-kB p50/ p50 homodimers [6] . The receptor(s) mediating these effects has not been specified, although it could be a receptor shared with the mannose-binding lectin (MBL), such as CD35, CD93 or calreticulin [38] . This is because MBL and C1q display almost identical regulatory effects on LPS-stimulated monocytes [39] that are believed to limit unwarranted inflammation during C1q-and MBLfacilitated clearance of apoptotic cells [39] .
CD46, a complement regulatory receptor, also crosstalks with TLR4 and regulates IL-12. Specifically, CD46 inhibits LPS-induced production of IL-12 in monocytes upon binding C3b dimers [40] (Figure 1) . Intriguingly, CD46 is utilized as a cellular receptor by measles virus, that thereby inhibits IL-12 production and causes host immunosuppression (reviewed in [41] ). The fact that CD46 is also used as a receptor by other pathogens (Neisseria gonorrhoeae, Neisseria meningitides, Streptococcus pyogenes, human herpesvirus-6, and group B and D adenoviruses) raises the possibility that this might be a universal pathway for immune evasion [42, 43] . Although the ability of CD46 to regulate TLR4-induced production of bioactive IL-12 is established firmly, the underlying signaling mechanism remains uncertain. It is possible, however, that the inhibitory effect involves a post-transcriptional mechanism, as shown in a study with human herpesvirus-6, that similarly causes selective inhibition of TLR4-induced IL-12 production after CD46 binding [42] (Figure 1) .
Transactivation of complement receptor function by TLR signaling
The complement receptor-3 (CR3; a CD11b/CD18 heterodimeric integrin) can interact with a wide variety of structurally unrelated molecules derived from either the host (e.g. the complement iC3b fragment, fibrinogen, and the intercellular adhesion molecule-1), or pathogens (e.g. Bordetella pertussis filamentous hemagglutinin, Porphyromonas gingivalis fimbriae and mycobacterial lipoarabinomannan) [44] . Because CR3 is involved in leukocyte adhesion and transendothelial migration, its adhesive activity is regulated tightly [45] . Whereas in resting cells CR3 and other integrins display a low-affinity conformation, a rapid and transient shift to a high-affinity binding state can be triggered by inside-out signaling that is induced by certain other surface receptors, such as chemokine receptors [45] . 4 More recently, it was shown that TLR2 can also transactivate CR3 [46, 47] . The TLR2 inside-out signaling pathway proceeds through the Ras-related C3 botulinum toxin substrate 1 (Rac1), PI3K and cytohesin-1 [8, 46, 47] and is distinct from the myeloid differentiation primary-response protein 88 (MyD88)-dependent TLR2 proinflammatory pathway [7] (Figure 2) . Notably, PI3K can be recruited directly to the TLR2 cytoplasmic tail, that, unlike TLR4, contains PI3K-binding motifs [48] . The communication of CR3 with the TLR system is bidirectional in that CR3 also regulates TLR signaling [49] . Specifically, CR3 in macrophages promotes the recruitment of the sorting adaptor known as Toll/IL-1R(TIR)-domain-containing adaptor protein (TIRAP) (or MyD88-adaptor like; Mal) to the plasma membrane via its ability to stimulate local phosphatidylinositol 4,5-bisphosphate (PIP2) production. Once TIRAP becomes targeted to membrane-bound PIP2 through its PIP2-binding domain, it can then facilitate the recruitment of the MyD88 signaling adaptor to either TLR2 or TLR4 and thereby initiate TLR signaling [49] (Figure 2) .
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The ability of a pathogen-sensing receptor such as TLR2 to transmodulate CR3 was initially perceived as a potentially protective mechanism that could contribute to leukocyte recruitment to sites of infection, a possibility that was supported experimentally in an in vitro transmigration system [8] . Once transactivated, however, CR3 becomes a target of subversive activity by several pathogens. For example, the oral pathogen P. gingivalis instigates a TLR2-CR3 crosstalk that allows it to hijack CR3 for a relatively safe entry into macrophages [50, 51] . Indeed, this phagocytotic mechanism does not promote the killing of P. gingivalis. In contrast, when macrophages phagocytose P. gingivalis by alternative receptors (i.e. when CR3 is blocked or genetically ablated), their intracellular killing capacity is markedly potentiated [51] . These findings are explained by the observation that CR3 is not linked to vigorous microbicidal mechanisms [52] . This, however, begs another question. Why would professional killer cells express a phagocytotic receptor that is not coupled to efficient intracellular killing? A plausible explanation is that, under physiologic conditions, CR3 is committed heavily with the phagocytosis of iC3b-coated apoptotic cells that do not constitute a danger warranting a vigorous host response (reviewed in [53] ). Accordingly, the production of IL-12 is suppressed in macrophages upon phagocytosis of apoptotic cells [54] . This iC3b-CR3 mechanism of IL-12 inhibition is reminiscent of a similar inhibitory effect caused by C3b binding to CD46 [41] . Moreover, similar to observations of CD46 exploitation by pathogens, CR3 is also co-opted as a means of microbial manipulation of IL-12 responses (Figure 2) . Indeed, direct CR3 binding by P. gingivalis fimbriae inhibits TLR2-induced IL-12 through outside-in signaling that activates ERK1/2 that, in turn, inhibits selectively mRNA expression of IL-12p35 and IL-12/IL-23p40 [53] (Figure 2 ). This allows P. gingivalis to promote its survival in wild-type mice, whereas CR3-deficient mice are superior in controlling P. gingivalis infections because of increased induction of IL-12 and, secondarily, IFN-g, a potent activator of intracellular killing [53] . The CR3-dependent inhibition of IL-12 is not specific for TLR2 (TLR4-induced IL-12 is also inhibited), but is selective for this cytokine, because the expression of other proinflammatory cytokines is either unaltered or increased [53, 55] . The TLR2-CR3 crosstalk pathway could be an Achilles' heel that confers host susceptibility to a number of other pathogens. Indeed, mycobacteria and spores of Bacillus anthracis can both activate TLR2 inside-out signaling and bind transactivated CR3, resulting in enhanced CR3-mediated uptake of these organisms [13] . In a way similar to earlier observations with P. gingivalis, CR3-deficient mice display Figure 2 . TLR-CR3 crosstalk pathways. Induction of TLR2 inside-out signaling, mediated by Rac-1, PI3K and cytohesin-1 (Cyt-1), upregulates the high-affinity state of CR3. The terminal component, Cyt-1, contains a pleckstrin homology (PH) domain that binds and uses phosphatidylinositol-(3,4,5)-triphosphate (PIP3) as a docking site to interact (via its Sec7 domain) with the CD18 cytoplasmic tail of CR3. Certain bacteria (P. gingivalis, M. tuberculosis, B. anthracis) bind CD14, and induce TLR2 inside-out signaling for activating and binding macrophage CR3, leading to relatively safe uptake of these organisms, thus enhancing their intracellular persistence [13, 34, 46, 47] . In a reciprocal manner, CR3 can regulate the signaling activity of TLRs that utilize TIRAP as an adaptor, i.e. TLR2 and TLR4 [49] . Specifically, outside-in signaling by CR3 leads to activation of ADP ribosylation factor 6 (ARF6), and induction of phosphatidylinositol-(4,5)-bisphosphate (PIP2) production by phosphatidylinositol 5-kinase (PI5K). This activity promotes the targeting of TIRAP to membrane-bound PIP2 through its PIP2-binding domain. TIRAP subsequently acts as a sorting adaptor, thereby facilitating the recruitment of the signaling adaptor MyD88 to either TLR2 or TLR4 for initiation of downstream signaling [49] .
Trends in Immunology Vol. 31 No.4 enhanced resistance to infection with B. anthracis spores, attributable to possible spore carriage by the macrophages to sites of spore germination and bacterial growth [13] . Likewise, the ability of Mycobacterium tuberculosis to parasitize macrophages might depend, at least in part, on its capacity to stimulate TLR2-induced CR3 uptake [47] .
Although the TLR2-CR3 pro-adhesive pathway can be activated by bacteria in monocytes and macrophages or neutrophils [46] , a similar pathway is not operational in dendritic cells that appear to be relatively inert with regard to induction of inside-out signaling for CR3 activation [56] . Additional functional differences between dendritic cells and macrophages in the context of complement-TLR crosstalk are discussed in the following section.
Cell-type-specific regulatory effects of complement on TLR responses In contrast to its effects on monocytes and macrophages, C5a does not inhibit TLR-or CD40/CD154-induced IL-12 production in human or mouse dendritic cells, even though C5aR is readily activated in those cells [41] . In fact, C5aR (or C3aR) signaling promotes microbially induced IL-12 and IL-23 in dendritic cells, and C5aR À/À (or C3aR
) mice fail to stimulate T-cell immunity in vitro and in vivo [57] . The underlying mechanism for this cell-type-specific difference in IL-12 regulation is unclear. It is of interest, however, that whereas ERK1/2 activation inhibits IL-12 in macrophages [9, 11] , it exerts the opposite effect in dendritic cells [58] .
Another possible mechanism contributing to C5a-mediated upregulation of TLR4-induced IL-12 production in dendritic cells involves the capacity of C5aR to inhibit immunosuppressive cAMP-dependent protein kinase A signaling [59] . This mechanism, which is consistent with the ability of C5aR to couple to Gai-protein-coupled receptors, moreover upregulates TNF-a, and downregulates IL-10 production [59] . However, C5a does not inhibit cAMP production in macrophages or neutrophils, and actually C5aR signaling stimulates cAMP-dependent protein kinase A activity in neutrophils [60] . Strikingly, although C5aR activation by itself does not stimulate cAMP production in macrophages, it synergizes with TLR2 for induction of high and sustained cAMP levels. This C5aR-TLR2 crosstalk is exploited by P. gingivalis, that thereby causes macrophage immunosuppression in the presence of C5a [19] .
The molecular basis of these cell-type-specific C5a effects on cAMP induction is uncertain. Upon activation of the Gai subunit, however, the released Gibg subunits can potently regulate adenylate cyclase synthesis of cAMP, either positively or negatively, depending on the enzyme isoform [61] . Strikingly, the adenylate cyclase isoforms that are positively regulated by Gibg are not those that are sensitive to the inhibitory action of Gai [61] . Thus, it is possible that dendritic cells and macrophages or neutrophils, or both types of cell, express distinct isoforms of adenylate cyclase, that, in turn, display differential regulation in response to C5aR-induced Gi signaling.
In a fashion similar to dendritic cell C5aR, activation of CD46 signaling in LPS-stimulated dendritic cells promotes the expression of IL-12p35, IL-23p19 and IL-12/IL-23p40.
Although no significant production of bioactive IL-12 is detected under these conditions, functional IL-23 is produced readily and enhances IL-17 production by activated T cells [62] . Importantly, LPS-or CD46-stimulated dendritic cells isolated from patients with multiple sclerosis express higher mRNA levels of IL-23p19 compared with similarly treated dendritic cells from healthy controls [62] . These data provide further evidence for the involvement of complement in Th17-dependent autoimmune diseases, such as multiple sclerosis, through crosstalk with TLR4 signaling. However, the reason why dendritic cells and monocytes or macrophages behave disparately in terms of regulating the expression of the IL-12 family of cytokines in response to activation of the same receptors (C5aR or CD46) remains poorly characterized.
Unlike C5aR and CD46, however, gC1qR signaling inhibits TLR4-induced IL-12 also in dendritic cells [15, 35] . This finding might be attributed to differences in the activated signaling pathways downstream of these receptors. Specifically, although both C5aR and gC1qR activate PI3K, only C5aR can activate ERK1/2 [15] that, in dendritic cells, upregulates IL-12 [58] . Regarding the regulatory effects of C1q, another layer of complexity is introduced by the presence of multiple receptors for this complement component [38] . Two of these receptors, gC1qR and cC1qR (calreticulin), interact with the globular and collagenous regions of C1q, respectively [38, 63] . In contrast to gC1qR, activation of cC1qR by C1q actually potentiates IL-12 production by TLR-activated dendritic cells, that thereby foster the differentiation of Th1 cells [63] . This notion was demonstrated using the collagenous region of C1q as stimulus, whereas results obtained in similar experiments using the C1q globular fragment were probably inconclusive because of the presence of residual collagen-like triplets [63] . It can thus be speculated that the relative expression of these C1q receptors that could depend on the cell type or the stage of cell maturation or differentiation, could determine the outcome of C1q-induced crosstalk signaling with TLRs. In summary, C1q might have multifunctional roles in immunity, ranging from proinflammatory actions (e.g. activation of the classical complement cascade [2] or stimulation of Th1 responses [58, 63] ) to immunoregulatory functions [6, 15, 37] ; the latter are consistent with the association of C1q deficiency with autoimmune conditions such as systemic lupus erythematosus [36] .
General conclusions and future perspectives
The recent literature has provided documented examples of cross-regulation between complement and the TLRs, in several in vitro and in vivo experimental systems in mice and humans (Table 1 ). The physiological significance of the complement-TLR interplay is probably to coordinate host defense, both at the innate and the adaptive level. Despite the proinflammatory nature of both systems, some of the crosstalk pathways lead to antagonistic effects, ostensibly for homeostatic reasons. However, the same complement receptors that can regulate TLR signaling (e.g. CR3, C5aR, gC1qR and CD46) can be hijacked by bacterial or viral pathogens (Figures 1 and 2) to skew the host response in ways that interfere with protective immunity. Future research is expected to elucidate additional regulatory links between the complement and TLR systems, and this is essential for understanding their precise roles in health and disease. This, in turn, should lead to improved therapeutic interventions to enhance protective immunity, attenuate immunopathology, or neutralize sophisticated mechanisms of microbial immune subversion.
